The role of plasma actuators as effective flow control devices is investigated experimentally. Included is an investigation into the changes of velocity profiles for varying inputs for a given actuator. Peak velocity output for sine, square and sawtooth waveforms with varying input frequency are examined for a given actuator configuration in a quiescent flow. While the general velocity field remains similar, different waveforms also result in different flow structures as well. Experiments conducted herein attempt to eliminate separation in various geometries. Applications include separation reduction on a low pressure turbine blade and lift enhancement on a 3D airfoil. In both cases it is demonstrated that the plasma actuator can have a significant benefit on the flow field.
I. Introduction
A erodynamic flow control is a problem of great interest to many researchers. There has been significant effort to suppress flow separation using numerous active and passive flow control techniques. A number of researchers have investigated plasma actuators over recent years, and the present work discusses further experimental investigations, both from a perspective of better understanding the underlying physical mechanisms of the actuator interaction with the flow and the development of a practical plasma flow control (PFC) device. Rivir et al. investigated the use of high frequency AC and pulsed DC sources of excitation. Uniform AC atmospheric glow discharges were obtained for a number of parameters while uniform pulsed DC glow discharges were obtained for pulse widths from 22 ns to 2 µs with input voltages up to 11 kV. Both Rivir et al. and Suchomel et al. provided detailed reviews of the historical developments in PFC and can be referred to for further information.
1, 2 Some of the more recent developments in the state-of-the-art are presented here for reference, but a more detailed background can be found elsewhere. 3 In the area of other flow control applications, Corke et al. used weakly-ionized plasma actuators for lift enhancement on a NACA 0009 airfoil. 4 While lift was increased during actuation, drag was also increased, providing only minor improvement. The drag increase was eliminated by using actuators in series. PIV measurements showed that a jet was formed immediately downstream of the actuator. 5 Discussions do not form a firm conclusion as to the physical mechanism of the lift enhancement, though the drag increase is explained using PIV and DNS information. Enloe et al. 6 presented numerous findings on the behavior of plasma actuators. Based on large scale integral measurements of thrust output, voltage and plasma emission measurements, and simulations, the authors make several interesting conclusions, including that the power input, P , to the plasma is nonlinear with the voltage drop, ∆V , across the dielectric, and that both the maximum induced velocity, u max , and thrust, T , are proportional to input power, such that
In addition, their measurements found that the plasma has complex spatial and temporal structure, the creation of plasma occurs on both the positive and negative slopes of ∆V and is dependent upon d∆V /dt. Also, thrust is greater for a "positive" waveform as opposed to a "negative" waveform, even though the bulk plasma structure is the same. The "positive" waveform appears to produce a more uniform discharge. 7 This observation implies that bulk heating is not the mechanism for thrust generation, as some researchers have previously speculated. Their final conclusion is that the plasma induces an electrostatic body force on the surrounding fluid that is proportional to the net charge density and the strength of the electric field, as (2) such that the net charge density can be expressed as a function of the electric potential, where o is the permittivity of free space and λ D is the Debye length, respectively. A study of electrohydrodynamic actuators using DC pulsed plasma flow control carried out by Guillermo et al. predicts the addition of momentum in the boundary layer with the changes in the fluid properties. 8 The author claims the existence of different discharge regimes in the flush mounted electrodes and estimates the thickness of plasma sheet ∆ as
with λ e , the inverse of thickness of the boundary layer for concentrations of electrons near the wall, n e w, the concentration of electrons in the gas immediately adjoining the wall, and n o , a value that oscillates between 10 12 and 10 14 m −3 . In the current paper, we are conducting an experimental investigation to examine PFC actuators under various conditions.
II. Experimental Setup and Observations
A. Plasma Actuator and Power Supply The plasma actuators tested consist of conductive copper strips separated by a 50 micron thick Kapton dielectric; typical widths of 1 cm with corresponding lengths of 10-20 cm were used. A function generator is used to provide a sinusoidal input to a Kepco BPM-01 100 V power supply. The output drives an inductively matched step-up transformer (Industrial Test Equipment Company), capable of 6 kV output with 1-250 V RMS input at 1-7 kHz. The input power was monitored using a Tektronix TDS 3054B oscilloscope. The power supply/actuator schematic is shown in Figure 1 . Note that the lower conductor is grounded.
In the PIV measurements presented herein, 62 realizations were used to develop statistics and mean flows for each run. The PIV algorithm used utilizes the wall adaptive Lagrangian parcel-tracking algorithm (WaLPT) developed by Sholl and Savaş. 9 This algorithm tracks the seeding as fluid parcels and determines their translations and deformations. Fluid parcels registered by CCD pixels are advected with individually estimated velocities and total accelerations. A standard DPIV algorithm is employed to determine the initial velocity field, and the novel routines in WaLPT allow for more accurate measurement of the velocities near the wall by essentially mirroring the flow about the interface using an image parity exchange (IPX) routine.
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Velocity and vorticity are calculated as part of the PIV algorithm and are scaled accordingly; vorticity is determined spectrally and does not suffer from typical numerical differentiation problems. One benefit of the WaLPT code is the ability to mask out surfaces within the flow field and apply the above mentioned IPX routine. In practice, this results in much higher accuracy of the wall derivatives which are particularly important when calculating boundary layer profiles and derived quantities such as skin friction coefficient. Figure 2 shows the flow field developed by a PFC actuator in a quiescent flow. For this case, the plasma region was generated using a square wave with a frequency of 4.5 kHz and an amplitude of approximately 5 kV. Velocity fields were obtained using PIV. One can easily see that the flow is being drawn into the plasma region by the plasma induced body force (equation 2). This results in a jet issuing to the right of the actuator.
B. Actuator in Quiescent Flow
A comparative study is carried out for different waveforms and a small range of frequency inputs to determine the effect on the flow field for this particular actuator configuration. Sine, square and sawtooth waveforms with varying frequency input of 4.0, 4.5 and 5.0 kHz are examined. Figure 3(a) shows a transient vortex generated when the plasma is ignited at 4.5 kHz with a sine wave input. The vortex at the instant the plasma is actuated is clearly visible and is advected downstream with the plasma wall jet. Obviously, this starting vortex could easily be leveraged for flow control applications by pulsing the actuator at the desired frequency.
Figures 3(b), 3(c), and 3(d) show averaged velocity fields for the same actuator arrangement for sine, sawtooth, and square wave inputs at a frequency of 4.5 kHz. Note that the flow field, while similar for each case, show marked difference. The sine wave input, as shown in Figure 3(b) , is very similar in structure to the case shown in Figure 2 . The sawtooth waveform, as seen in Figure 3(c) , develops a standing vortex upstream of the plasma region which is steady in nature. This is seen across the range of input frequencies. The square wave, on the other hand, is slightly between these two extremes. It is not yet clear why these differences occur, but they may be leveraged for specific flow control goals. Figure 4 shows the profiles of the horizontal velocity u(y) for seven equally spaced stations, including the actuator interface near the region of densest plasma. The velocity profiles of all the three waves at the frequencies of 4 kHz, 4.5 kHz, 5 kHz are shown. It is noticeable that the sine and the square waveforms perform better with a larger velocity when compared with the sawtooth wave. At the interface, the velocity is still relatively small, and the magnitude at this point is largely due to the vertical downward component. As we proceed to the left of the actuator, the velocity increases proportionally "downstream." The width (or in this case, height) of the jet is confined to less than 0.5 cm away from the wall. Considering the momentum within the jet being non-negligible, the peak velocity attained for different waveforms seem to be distinct. The peak velocity comparision for these cases is shown in Figure 5 . While the sine wave has the maximum peak velocity, the square wave is the most constant across the limited range of frequencies shown. The sawtooth waveform performs the poorest in this regard, and the generation of the standing wave may be directly related to this. As a caveat, one should note that this relationship is only correct for this particular configuration. Changes in the transformer, actuator arrangement, and circuit will alter this result.
The actuators can be readily arranged such that complicated flow structures are created. A plasma induced synthetic jet can be generated by using an annular PFC actuator (as shown in Jacob et al. 11 ) These can be pulsed to create vortex rings or run continuously to create a steady synthetic jet. The annular arrangement can also be modified to create small scale structures as well.
C. Separation Control on a Low Pressure Turbine Blade
Following the experiments above, the PFC actuator has been applied to the control of separated flow on a 2D low pressure turbine (LPT) blade cascade at low Re. The experiments were conducted in the UK Low-Speed Wind Tunnel, which is a low-turbulence, open-circuit, blow-down wind tunnel with a computer controlled, 7.5 hp motor driving a radial fan. Upstream of the nozzle, a vibration damper, flow straightener and turbulence damping screens condition the flow. The nozzle has a contraction ratio of 6.7, and the test section has a cross-section of 0.2 m×0.4 m. The nominal FSTI without the grid was measured with a hot-wire anemometer to be ∼ 0.6%.
A set of identical P&W PAK-B turbine blade models with a chord length of 114 mm, a span of 203 mm and a suction surface length (SSL) of 152 mm are used in the experiments as shown in Figure 6 . The plasma actuator was mounted onto a Kapton sheet and placed directly on the blade surface. The actuator interface is located at 65% of the SSL (0.65 SSL), where the separation point has been previously shown to be located.
12 Note that at this point, Re x = 19.5 · 10 4 , which is an order of magnitude larger than that seen in the flat plate experiments discussed above. Figure 7 shows the velocity field over the blade without the PFC actuator turned on, Case I of Table  1 . Gross separation is clearly seen. The separation is steady, while the shear layer fluctuates in size and strength. Figures 8 and 9 show the corresponding velocity fields for Case II and III, respectively, where the PFC has been actuated. Note that in both cases, the flow is attached, and reversed flow is seen at the PFC interface where flow from the free-stream is being entrained by the plasma jet. While a "trapped" vortex is present in Figure 9 from the pulsed actuator, no other appreciable difference is present in the 100% and 50% duty cycles beyond some minor variations in the velocity fluctuation quantities.
Velocity profiles for each of these cases are shown in Figure 10 . A noticeable higher value of u is seen farther away from the surface, indicating the unsteadiness in the recirculation region. These higher values of u present during the actuation illustrates the location of the shear layer above the separation bubble. This component of increase in velocity near the blades surface, is due to the region of constant plasma near the wall, indicating the effectiveness in flow control. RFP (Reverse Flow Probability) values tell us about the unsteadiness and reattachment of the flow. This is determined by examining the percentage of time a vector is facing backward. During post processing the value of RFP > 0 is considered when the vector is facing upstream and RFP< 0 when vector is facing downstream. For a single point the mathematical form can be deduced as,
where N is the number of realized velocity fields. Figures 11(a) and 11(b) compares the RFP with the flow control OFF and ON for two different cases of Reynolds number, viz. Re = 3 · 10 4 and Re = 5 · 10 4 (the field of view is shown in 11(b) for all cases). The RFP plots clearly denote a reduced separation region, but not completely eliminated. This is in contrast to the separation reduction behavior seen with other flow control devices, such as pulsed vortex generator jets, which completely eliminate separation.
12 Examining velocity and vorticity fields show that this layer of reversed flow next to the blade surface is due to the generation of cross-stream vortices advecting downstream of the actuator. RFP plots for two different duty cycles as seen in Figure 11 (c) show very little change when the duty cycle is reduced to 50%.
Displacement thickness, δ * , and momentum thickness, θ, are calculated for these cases using the equations below.
Displacement, δ * , and momentum, θ, thicknesses for the three Cases are shown in Figure 12 . In each case, both δ * and θ are reduced for the actuated cases. Downstream, both δ * and θ tend to increase above their initial value when plasma is actuated. Note that for both the cases when plasma is actuated with and without pulsing the displacement and momentum thickness behave similarly.
D. Airfoil Flow Control
Experiments were conducted to determine how plasma actuators might be used on finite wings to improve their aerodynamic characteristics. Following this, plasma actuators were put in place of conventional control surfaces, such as ailerons and winglets. This is similar in concept to previous work done in a 2D fashion.
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This involves the plasma actuator being placed on a wing of finite aspect ratio at low speeds as shown in Figure 13 . The arrangement of the actuators were such that we could ascertain the effects of a plasma actuator when used as a winglet as well as an aileron. The test conducted herein is at Re = 3 · 10 4 with a positive and a negative angle of attack of 14
• . Each of the actuators is actuated independently. Using PIV, Figure 14a , while relative changes in the lift are shown in Figure 14b as obtained using the vortex strength and the Kutta-Zhukhovski theorem. Positive increases in lift up to 92% are observed in 3 cases, while a decrease in lift is measured in a single case. For the plasma aileron, useful for maneuvering, the total change in lift is approximately 60% of the baseline lift in the upward position and -30% in the downward position. It can be deduced that the steady plasma actuates on the upper surface of the airfoil demonstrating measurable lift increase. In a wing application, it may be possible to simultaneously actuate a plasma aileron and winglet for an even greater increase in lift. By doing this asynchronously, one can use this for roll, while a synchronous actuation would be used for overall lift improvement.
III. Summary
The analysis carried out in here is consistent with other studies as discussed that show a marked increase in velocity in the region of the PFC actuator. Note that the increase in velocity, while significant, is well within the viscous region and requires detailed measurements very near the wall. In a quiescent flow, a starting vortex is developed as the plasma is activated, which may be leveraged for flow control applications using pulsed actuators. When in a non-quiescent flow field, the increase is also very short-lived and the flow reverts to a profile similar to the upstream flow not far downstream. As free-stream velocity is increased, the influence of the plasma region on the near-wall flow is less; thus, a corresponding increase in actuator power is also required. However, the increase in near-wall velocity fluctuations is significant and long-lived, even for cases where the mean velocity profile is not significantly affected, and has the ability to control flows even at moderately high speeds with low power input. In addition to separation control, it has been demonstrated to affect flows in a 3D manner, with possible repercussions in regards to aerodynamic efficiency. 
